We investigated Escherichia coli populations in a metropolitan river after an extreme flood event.
INTRODUCTION
Transmission of waterborne pathogens predominantly occurs via the faecal-oral route when exposed to contami- The health implications of these pathogenic E. coli strains are well known. However, to the best of our knowledge, the population dynamics of pathogenic E. coli in metropolitan surface waters after an extreme flood have not been investigated.
In this study, we investigated the population structure of pathogenic E. coli in a metropolitan river after an extreme wet weather event which resulted in overflow and discharge of several WWTPs, and inundation of residential and industrial areas. Our findings highlight a significant health risk associated with exposure to pathogenic E. coli strains by the general public who are either directly impacted by flood or use waterways for recreational activities long after the flood.
METHODS

Sampling sites and collection of water samples
The lower Brisbane River catchment is highly modified and urbanised and supports >1.8 million inhabitants. The upper reaches of this catchment are scattered with grazing land, forestry and natural bushland, however much of the downstream catchment area is highly urbanised and industrialised, dissecting Brisbane, the state capital of Queensland, Australia (ABS ).
On 11th January 2011, the Brisbane River broke its banks, following a prolonged and extreme precipitation event, and many adjacent metropolitan areas were inundated with flood water. were collected 4 (9 sites), 6 (15 sites) and 8 (12 sites) weeks after the major flooding events of January 2011 ( Figure 1) . Sampling commenced on the bottom of low tide at the mouth of the river. Grab water samples were collected in 1 L sterile bottles from 30 cm below the water surface and transported on ice to the laboratory where they were processed within 12 h of collection from the first sampling site. 
Cytotoxicity assay
To assess production of Shiga-like toxin (stx), Vero cells 
RESULTS
Enumeration of E. coli
The highest number of E. coli detected during the first round exceeded 50,000 CFU/100 mL at sampling site 9, which is downstream (approximately 4 km) of a WWTP and a major storm water outlet. Apart from this site, the mean number of E. coli found in the water samples during round 1
(1,123 ± 602 CFU/100 mL) was significantly higher than that of round 2 (268 ± 183 CFU/100 mL [P < 0.01]) and round 3 (121 ± 139 CFU/100 mL [P < 0.01]) ( Table 1) .
Typing of the isolates
A total of 307 isolates were confirmed as E. coli using a combination of culture-based techniques and PCR detection of the uspA gene. Typing of the isolates using the PhPlate system yielded 31 C-BPTs comprising 243 isolates (79.9%) and 62 S-BPTs. Among the C-BPTs, eight were found in more than one sampling site and on more than one occasion. One C-BPT (i.e., C31) was found in all (except two) sites and in all three sampling rounds (Figure 2 ).
Strains of this BPT constituted 23.3% of the total E. coli strains tested.
Similarity among the populations of E. coli at the different sites was measured as a population similarity (Sp) value. It was found that six sites (cluster B) showed the highest similarity to each other ( Figure S1 , available with the online version of this paper). Furthermore, eight sampling sites (cluster E) contained
BPTs that were totally unrelated to each other (see Figure S1 ).
These sites also contained BPTs found in the main metropolitan area where the river was impacted by the overflow of three WWTPs (see Figure S1 ). However, there were no differences between the number of VGs and ABR carried by strains belonging to C-BPTs in these clusters ( Figure S1 ).
Correlation between the C-BPT and their virulence
properties Linear regression analysis was applied to each C-BPT and its
VGs and ABR to identify if there was any correlation between the number of times a C-BPT appeared across the samples and its pathogenic characteristics. No significant correlation was found to exist between the number of times a C-BPT appeared and the number of VGs it possessed (P ¼ 0.0686) ( Figure S2(a) ) and the number of ABs it was resistant to (P ¼ 0.7455) ( Figure S2(b) ). Furthermore, there was no correlation (P ¼ 0.2106) between the number of VGs an individual C-BPT possessed and the number of ABs to which it was resistant ( Figure S2(c) ). ( Figure S2 is available with the online version of this paper.)
Comparison with E. coli library from WWTPs
Comparison of C-BPTs identified in this study with those previously isolated from WWTPs showed ten C-BPTs representing 40.6% of the E. coli populations had identical fingerprints to E. coli isolates derived from WWTPs located within the lower Brisbane River catchment. An additional five C-BPTs representing 7.8% of the E. coli populations were also found to be identical to E. coli strains from WWTPs in the South-East Queensland region ( Figure 2) .
Correlation between the numbers of E. coli and the presence of VGs
A linear regression analysis was applied to calculate any possible correlation between the number of E. coli and the presence of VGs in total DNA extract from each sample. It was found that the number of E. coli in the water samples did not correlate (P ¼ 0.2106) to the number of VGs (data not shown).
Prevalence of E. coli pathogenic determinants
In total, 40 (69%) of the 58 VGs tested were detected in at least one C-BPT and the total DNA extract of water samples. were only found in one, two and five samples of the total DNA extracts, respectively. Moreover, all C-BPTs were found to possess VGs belonging to two or more E. coli pathotypes, including toxin genes (Figure 3) .
Strains belonging to different C-BPTs at each sampling round carried a number of VGs ranging from five to 20 ( Figure 3) . However, the numbers of VGs carried by C-BPTs isolated during each sampling round were not significantly different (Table S1 , available with the online version of this paper). When the numbers of VGs in the total DNA extracts were compared across sampling rounds, it was found that samples collected in round 3 carried the highest number of VG, and it was significantly (P < 0.05) higher than sampling round 2 (Table S1 ).
In general, C-BPTs possessing a greater number of VGs and/or were more resistant to the tested ABs, were detected occasionally at few sites and never in more than one sample round. On the contrary, those C-BPTs carrying fewer VGs and/or were less resistant to ABs, were observed on more occasions (Figure 2) . These isolates although they were commonly found in water samples did not form biofilm or exhibit any cytotoxic effects (Figure 2 ). Of the five C-BPTs that produced biofilm at 25 W C, only one expressed biofilm formation at 37 W C. Cytotoxicity activity was found to be present in C-BPTs isolated in sampling rounds 1 and 3 only ( Figure 2) .
Diversity of E. coli at each sampling site
There was no significant difference between the total numbers of BPTs (both common and S-BPTs) of E. coli at each site across the three sampling rounds (Table S1 ). However, there was a significant (P < 0.05) difference in the overall Di between rounds 1 and 2 only, indicating a decrease in overall E. coli diversity between rounds 1 and 2 (Table S1 ). Interestingly, there was no decrease in the total number of VGs detected in each sample between rounds 1 and 2, even though the diversity of the E. coli populations decreased. There was a significant (P < 0.05) increase in the number of VGs detected in samples collected during round 1 when compared to round 2. This supports the increase in the overall diversity of the E. coli populations in round 3 when compared to round 2 (Table S1 ).
Comparison of E. coli VG profiles in water samples
A profile of E. coli VGs was created in total DNA extract of water samples in each site and compared with each other.
The results indicated many sites had a high similarity coefficient (>80%) with each other (Figure 4) . Sites with high similarity in their VGs profile were found to be in close proximity of each other and most of which were from the same sampling round. These sites were located upstream of the river and away from tidal mixing of the river mouth (refer to boxes in Figure 4) . Interestingly, the sites with the highest similarity coefficients were sampled at remote locations over different sampling rounds (indicated by shaded boxes in Figure 4 ).
DISCUSSION
The numbers of E. coli in the water samples collected in the first sampling round were above recreational water guidelines and much higher than those collected in subsequent rounds. The first round of sampling coincided with the flood mitigating reservoir gates continuing to release water into the lower Brisbane River catchment and many of the We acknowledge though there are many point and nonpoint source contributors typical of any large metropolitan river catchment such as large industrial, commercial, residential and semi-rural, rural and agricultural areas that would have influenced the E. coli population dynamics of the flood after such an event.
Interestingly, the decrease in E. coli numbers across sampling rounds was associated with a significant increase in the diversity of these bacteria and the number of VGs observed in the water DNA extracts. In addition to flood gates closing, these results may also have been the consequence of reduced WWTP overflow entering the waterway, allowing E. coli originating from less dominant pollution sources to enter the river. Under these conditions, it is likely that these sources introduced strains with a higher number of VGs. Our observation on the higher number of VGs in water samples collected during the second sampling round supports this possibility.
In all, the number of observed E. coli VGs did not decrease during the entire study, and even though the number of E. coli decreased significantly, there was no correlation. This is consistent with our previous findings that the number of E. coli in a water sample does not necessarily The presence of toxin genes, an indicator of virulence potential, in the C-BPTs and the total DNA extract of water in some sites, suggests that those sites continued to pose a potential public health risk, in spite of many sites returning to an acceptable FIB concentration of E. coli by the third sampling round. In our study, all C-BPTs were positive for VGs belonging to more than one E. coli pathotype.
The most prevalent of the toxin genes, found in all but three C-BPTs, was the Shiga-toxin (stx2) However, it is also possible that some of those strains originated from agricultural run-off and/or wild animals. Ideally, concurrent collection and analysis of samples collected at the wastewater outlets would have provided more conclusive evidence, however this was not possible due to the extensive damage to many of the WWTPs facilities within the catchment at the time of sampling.
Population similarity of the C-BPTs indicated high similarity between adjacent sites, however this was not consistent for all sites. Interestingly, one cluster of sites had a significantly higher number of populations than the other population clusters, indicating that these sites contained similar bacterial population possibly introduced from similar sources. Interestingly, we found a similar number of VGs and AB resistance genes across the population clusters. 
CONCLUSION
We suggest that although extensive point and non-point contaminants entered the Brisbane River during the flood event, the E. coli population could be largely attributed to a few sources. Although other point and non-point sources may have contributed to the population structure of E. coli, the high-volume input from the inundated and damaged WWTPs entering the catchment for up to 10 weeks after the event, suggest that these sources are the primary factor influencing the E. coli population dynamics of the river observed during this study. With the increase in urbanised catchments, the close proximity of WWTPs to major waterways and the likelihood of increased incidences of extreme weather events, such as the one seen in this study, it is crucial to adapt better strategies for management of WWTPs in preparation for such events, thus reducing the potential risk posed to public health from untreated wastewater entering the catchment.
